Introduction
============

Confining metal atom(s) or metallic units inside fullerene cages affords a collection of novel hybrid molecules named endohedral metallofullerenes (EMFs).[@cit1]--[@cit6] Results show that the internal metallic units are able to influence the chemical properties of the cage carbon atoms through, for example, charge transfer and/or the geometric effect. For instance, Sc~2~C~2~-doping of *D*~2d~(23)-C~84~ altered its chemical reactivity dramatically by raising the HOMO and LUMO levels so that *D*~2d~(23)-C~84~ and Sc~2~C~2~@*D*~2d~(23)-C~84~ follow different routes when reacting with 2-adamantane-2,3′-\[3*H*\]-diazirine.[@cit7] Besides, the size effect of the internal cluster has been observed in the 1,3-dipolar reactions of M~3~N@*I*~h~-C~80~ (M = Sc, Y, Er and Gd) where EMFs with a small M~3~N cluster (M = Sc and Y) give \[5,6\]-adducts but that containing a larger Gd~3~N or Er~3~N cluster favors the formation of \[6,6\]-adducts.[@cit8]--[@cit11]

On the other hand, the impact of the external addition on the position and even the configuration of the internal metallic units has also been demonstrated. Systematic studies of Akasaka and coworkers evidenced that the dynamic behavior of the encaged metal atoms in M~2~@*I*~h~-C~80~ (M = Ce and La) is drastically restrained upon chemical functionalization of the cage mainly by geometric distortion.[@cit12] Recently, a collaborative study demonstrated that the attachment of a benzyl radical on Sc~3~C~2~\@C~80~ alters the configuration of the internal Sc~3~C~2~ cluster from a bat-ray-like shape to a trifoliate one[@cit13] whereas another brilliant study reported that the magnetic properties of Sc~3~C~2~\@C~80~ can also be altered by attaching a remote nitroxide radical.[@cit14]

Even though the impact from the outer on the inner moieties or the reverse process has been clearly demonstrated, it is still blurry whether the endohedral--exohedral interactions can be realized simultaneously in a single system. In their pioneering work, Popov and coworkers reported that the addition of 14 or 16 CF~3~ groups onto Sc~3~N\@C~80~ confines the geometry of the internal Sc~3~N cluster and the multi-addition pattern seems to be a result of cluster--cage interactions.[@cit15] Similar results were also obtained in the YCN\@C~84~(CF~3~)~*n*~ (*n* = 16 and 18) system recently.[@cit16] However, because of the existence of multiple endohedral atoms and many exohedral addends in these examples, it is still difficult to clarify the fundamental mechanism of the endohedral--exohedral interactions.

Herein, we have synthesized two coordination complexes (**2a** and **2b**) by reacting a tungsten complex W(CO)~4~(Ph~2~PC~2~H~4~PPh~2~) (**1**) with either Eu@*C*~2~(5)-C~82~ or Eu@*C*~2~(13)-C~84~. **2a** and **2b** are ideal prototypes for understanding through-cage interactions because only one europium atom is encapsulated inside the cage with merely a tungsten atom coordinating outside. Based on the concrete crystallographic and theoretical results, the interactions between the inner and outer metallic units have been well documented for the first time by considering intramolecular charge transfer as the main driving force.

Results and discussion
======================

Chemical functionalization of Eu\@C~82~/Eu\@C~84~
-------------------------------------------------

Photo-irradiation of a toluene solution containing Eu@*C*~2~(5)-C~82~ and W(CO)~4~(Ph~2~PC~2~H~4~PPh~2~) (**1**) with a mercury-arc lamp (cutoff \< 350 nm) at room temperature produced the corresponding complex **2a** ([Scheme 1](#sch1){ref-type="fig"}). The reaction process was traced by high performance liquid chromatography (HPLC) and the corresponding profiles are shown in [Fig. 1a](#fig1){ref-type="fig"}. After irradiation for three minutes, a new peak at 5.9 min was observed in addition to the peaks of the precursors (**1** and Eu@*C*~2~(5)-C~82~), indicative of high regioselectivity. The same procedures conducted on Eu@*C*~2~(13)-C~84~ also showed high regioselectivity and presented a single new peak at 6.1 min ([Fig. 1b](#fig1){ref-type="fig"}). Subsequent HPLC separations afforded only one product for each EMF (**2a** for Eu@*C*~2~(5)-C~82~ and **2b** for Eu@*C*~2~(13)-C~84~). The conversion yields of **2a** and **2b** are estimated to be 51% and 49% according to the HPLC peak areas, respectively.

![Reaction of **1** with Eu@*C*~2~(5)-C~82~ or Eu@*C*~2~(13)-C~84~.](c9sc01479a-s1){#sch1}

![HPLC profiles of the reaction mixture containing **1** and (a) Eu@*C*~2~(5)-C~82~ or (b) Eu@*C*~2~(13)-C~84~ probed at different reaction times. HPLC conditions: Buckyprep column (*φ* = 4.6 × 250 mm); 20 μL injection volume; 1.0 mL min^--1^ toluene flow; 40 °C; 330 nm detection wavelength.](c9sc01479a-f1){#fig1}

The electronic structures of the two EMFs have been altered dramatically by the attachment of the tungsten addend, as evidenced by their absorption spectra ([Fig. 2a](#fig2){ref-type="fig"}). Since the absorptions of fullerenes and their derivatives are dominated by the π → π\* excitation of the cage π-systems,[@cit2] the changes in absorptions can be ascribed to the charge donation from the exohedral tungsten units onto the fullerene cages. Consistently, our theoretical natural population analysis (NPA) suggests that the fullerene moieties in **2a** and **2b** both receive a negative charge of --0.35*e* from tungsten. Surprisingly, the two pristine EMFs together with **2a** and **2b** in CS~2~ solution show strong photoluminescence (PL) emission. Upon excitation at 406 nm at room temperature, two obvious emission bands at *ca.* 450 and 475 nm are generally observed for all four compounds ([Fig. 2b](#fig2){ref-type="fig"}). This phenomenon is quite interesting and the origin is currently under investigation in our lab.

![(a) Vis-NIR absorption spectra and (b) photoluminescence emission and excitation spectra of Eu@*C*~2~(5)-C~82~, **2a**, Eu@*C*~2~(13)-C~84~ and **2b** dissolved in CS~2~ at room temperature. The curves are vertically shifted for ease of comparison.](c9sc01479a-f2){#fig2}

Motional control of the internal metal ion by external complexation
-------------------------------------------------------------------

The molecular structures of **2a** and **2b** together with those of pristine Eu@*C*~2~(5)-C~82~ and Eu@*C*~2~(13)-C~84~ co-crystalized with Ni(OEP) (OEP is the dianion of octaethylporphyrin) are unambiguously established by single crystal X-ray crystallography. The results show an obvious impact of the exohedral complexation on the motional behavior of the internal Eu atom.

The X-ray structures of Eu@*C*~2~(5)-C~82~/Ni(OEP) are depicted in [Fig. 3a](#fig3){ref-type="fig"}. The fullerene cage is unambiguously assigned as *C*~2~(5)-C~82~. Inside the cage, five disordered Eu sites are distinguished with occupancy values ranging from 0.17 to 0.23, indicative of a moving metal atom. In particular, three Eu sites with a total occupancy of 0.64, including the major one (Eu1, occupancy: 0.23), stay under a hexagonal ring away from the *C*~2~ axis (highlighted with a red circle in [Fig. 3a](#fig3){ref-type="fig"}).

![Molecular structures of (a) Eu@*C*~2~(5)-C~82~·Ni(OEP) and (b) **2a**. The endohedral Eu atom is depicted with thermal ellipsoids set at the 20% probability level. Only one cage orientation and the major metal site are shown. Solvent molecules and the minor metal sites are omitted for clarity. The prohibited area inside the cage upon exohedral functionalization is highlighted with a red dashed circle. The *C*~2~ axis of the cage is indicated with a black dashed line. The electrostatic potential maps of (c) \[*C*~2~(5)-C~82~\]^2--^ and (d) \[*C*~2~(5)-C~82~W(CO)~3~(Ph~2~PC~2~H~4~PPh~2~)\]^2--^.](c9sc01479a-f3){#fig3}

In **2a**, the tungsten moiety coordinates to a \[6,6\]-bond in an *η*^2^-fashion ([Fig. 3b](#fig3){ref-type="fig"} and Fig. S1[†](#fn1){ref-type="fn"}). The carbon atoms at the sites of addition (C1 and C2) are pulled out from the cage. Their pyramidalization angles[@cit17] increase from 10.65° and 10.66° in the pristine EMF to 15.10° and 15.99° in **2a**, respectively (Table S1[†](#fn1){ref-type="fn"}). The C1--C2 bond is coplanar with the two W--P bonds and is elongated from 1.36(2) Å in Eu@*C*~2~(5)-C~82~ to 1.478(6) Å in **2a**, demonstrating substantial back-donation from tungsten to the π\*-orbital of the C1--C2 bond.[@cit18] Besides, π--π interaction is found between one of the exohedral phenyl rings and the cage with a plane-to-cage distance of 3.301 Å (Fig. S1[†](#fn1){ref-type="fn"}). It is noteworthy that **2a** represents the first example of a functionalized *C*~2~(5)-C~82~ cage, though functionalizations on other C~82~ cages including *C*~s~(6)-C~82~, *C*~3v~(7)-C~82~, *C*~3v~(8)-C~82~ and *C*~2v~(9)-C~82~ have been reported.[@cit2],[@cit19]

Inside the cage of **2a**, four disordered Eu positions with occupancy values ranging from 0.14 to 0.40 are identified and the major Eu site (Eu1) is located under the hexagonal ring perpendicular to the *C*~2~ cage-axis. These disordered sites all locate away from the addition sites, suggesting a repulsive effect of tungsten on europium through the cage. In contrast, the internal metal atom generally stays closer to the addition sites in the carbene derivatives of M\@C~82~ (M = Sc, Y, La, and Gd) as a consequence of bond cleavage of the corresponding cages.[@cit20]--[@cit23] In addition, our theoretical calculations reveal that the electrostatic potential map of \[C~82~·W(CO)~3~(Ph~2~PC~2~H~4~PPh~2~)\]^2--^ (nearly two electrons are transferred from Eu to the cage, see Table S2[†](#fn1){ref-type="fn"}) shows a minimum in the position where the major Eu in **2a** stays ([Fig. 3d](#fig3){ref-type="fig"}). Moreover, appreciable differences in the electrostatic potentials inside the cages are observed between \[C~82~·W(CO)~3~(Ph~2~PC~2~H~4~PPh~2~)\]^2--^ and \[C~82~\]^2--^ ([Fig. 3](#fig3){ref-type="fig"}), theoretically corroborating the charge-transfer-induced motional control of the endohedral europium atom by the exohedral tungsten coordination as observed by crystallographic analysis.

The co-crystals of Eu@*C*~2~(13)-C~84~ and Ni(OEP) belong to the monoclinic space group *C*2/*m*, and as a result two disordered cage orientations with an equal occupancy of 0.50 are presented. The fullerene cage is unambiguously assigned as *C*~2~(13)-C~84~. [Fig. 4a](#fig4){ref-type="fig"} shows the molecular structure of Eu@*C*~2~(13)-C~84~ together with Ni(OEP). Within the cage, 13 disordered Eu sites (occupancy values: 0.02--0.18) are distinguished, with the major Eu position (Eu1, 0.18 occupancy) locating under a hexagonal ring away from the *C*~2~ axis. The disordered phenomenon suggests moving nature of the endohedral europium atom.

![Molecular structures of (a) Eu@*C*~2~(13)-C~84~·Ni(OEP) and (b) **2b**. The endohedral Eu ions are depicted with thermal ellipsoids set at the 20% probability level. Only one cage orientation and the major metal sites are shown with solvent molecules and the minor metal sites omitted for clarity. The prohibited area inside the cage upon exohedral functionalization is highlighted with a red dashed circle. The *C*~2~ axis of the *C*~2~(13)-C~84~ cage is marked with a black dashed line. The electrostatic potential maps of (c) \[*C*~2~(13)-C~84~\]^2--^ and (d) \[*C*~2~(13)-C~84~ W(CO)~3~(Ph~2~PC~2~H~4~PPh~2~)\]^2--^.](c9sc01479a-f4){#fig4}

In **2b**, the tungsten moiety adds onto a \[6,6\]-bond in an *η*^2^-fashion to afford a closed structure ([Fig. 4b](#fig4){ref-type="fig"} and Fig. S2[†](#fn1){ref-type="fn"}), which is different from the \[5,6\]-fulleroid structure of the reported carbene adduct of Yb@*C*~2~(13)-C~84~ ([@cit24]) bearing the same *C*~2~(13)-C~84~ cage, suggesting different reaction mechanisms. The exohedral functionalization has induced a geometric change in the cage. In detail, the pyramidalization angles of the cage carbons at the sites of addition (C1 and C2) are amplified (from 11.44° and 9.31° to 15.40° and 16.83° for C1 and C2, respectively), and the C1--C2 bond length is elongated from 1.38(2) Å in parent Eu@*C*~2~(13)-C~84~ to 1.49(1) Å in **2b** (Table S1[†](#fn1){ref-type="fn"}), indicative of remarkable back-donation from tungsten onto the π\*-orbital of the C1--C2 bond. Besides, π--π interaction is found between one of the exohedral phenyl rings and the *C*~2~(13)-C~84~ cage with a plane-to-cage distance of 3.306 Å (Fig. S2[†](#fn1){ref-type="fn"}).

Within the cage of **2b**, the number of disordered europium sites is reduced to only six (occupancy values: 0.36--0.05). They locate at an area far away from the addition sites with the major position Eu1 staying under a hexagonal ring perpendicular to the *C*~2~ axis of the cage ([Fig. 4b](#fig4){ref-type="fig"}). The crystallographic results confirm that the motional behavior of the internal Eu ion has been constrained by the external tungsten addition. Consistently, our calculations suggest that such a motional control is a consequence of the alteration of the electrostatic potential inside the cage upon exohedral coordination ([Fig. 4](#fig4){ref-type="fig"}).

Regiochemical control of exohedral addition by internal metal doping
--------------------------------------------------------------------

DFT calculations are carried out to explore the origin of the high regioselectivity observed here. Due to the two electron-transfer from Eu onto the cage (Table S2[†](#fn1){ref-type="fn"}) and the moving state of the Eu ion in Eu@*C*~2~(5)-C~82~/Eu@*C*~2~(13)-C~84~, it is reasonable to consider \[*C*~2~(5)-C~82~\]^2--^ and \[*C*~2~(13)-C~84~\]^2--^ as the prototypes. The coordination reactions of alkenes[@cit18] and C~60~[@cit25],[@cit26] with metallic complexes can be well understood by considering the frontier orbitals where the LUMO of alkenes/C~60~ accepts electrons from metallic complexes to form coordination bonds. Accordingly, the LUMO distributions of \[*C*~2~(5)-C~82~\]^2--^ and \[*C*~2~(13)-C~84~\]^2--^ along with the HOMO distribution of the tungsten addend are calculated ([Fig. 5](#fig5){ref-type="fig"}). Clearly, the LUMOs at the C1--C2 bonds on both \[*C*~2~(5)-C~82~\]^2--^ and \[*C*~2~(13)-C~84~\]^2--^ possess pronounced lobes and overlap with the HOMOs of the tungsten addend (mainly the 5d orbital of the tungsten center), implying that the C1--C2 sites are suitable for tungsten addition.

![LUMO distributions of (a) \[*C*~2~(5)-C~82~\]^2--^ and (b) \[*C*~2~(13)-C~84~\]^2--^ and (c) HOMO distributions of the tungsten addend.](c9sc01479a-f5){#fig5}

Although LUMO distributions can describe the high regioselectivity in a qualitative way, it is hard to accurately explain the formation of merely one adduct for each EMF (**2a** and **2b**) since as many as 62/63 different types of nonequivalent C--C bonds exist in the *C*~2~(5)-C~82~/*C*~2~(13)-C~84~ cages, respectively (Fig. S3[†](#fn1){ref-type="fn"}). Accordingly, another factor, POAV (p-orbital axis vector) which represents the local strain on the cage carbon atoms[@cit17] is introduced to rationalize the reaction mechanism herein because it has shown great success in elucidating the chemical reactivities of EMFs.[@cit2],[@cit17],[@cit19] For the ease of comparison, the average LUMO and POAV values of the two bonded cage carbons for each type of C--C bond are calculated and presented in [Fig. 6](#fig6){ref-type="fig"}. The C1--C2 bond in \[*C*~2~(5)-C~82~\]^2--^ features both pronounced LUMO coefficients and high pyramidal angles, and therefore it is made favorable to accept the electron from the tungsten center to form the coordination bonds with negligible steric hindrance. Similarly, the C1--C2 bond on \[*C*~2~(13)-C~84~\]^2--^ is also preferred owing to its high POAV and LUMO values. The above discussions suggest a synergistic effect of both the electron distribution and geometric structure of the cages on the addition patterns.

![The average LUMO coefficients and the π-orbital axis vector (POAV) angles of two bonded cage carbons on \[*C*~2~(5)-C~82~\]^2--^ and \[*C*~2~(13)-C~84~\]^2--^. The bonds at the sites of coordination are marked with a red dotted circle. Equivalent C--C bonds on the cages are omitted for clarity.](c9sc01479a-f6){#fig6}

In fact, our calculations reveal that the two-electron transfer does not alter the POAV values of the cage atoms but changes the LUMO distributions dramatically for both *C*~2~(5)-C~82~ and *C*~2~(13)-C~84~ (Fig. S4[†](#fn1){ref-type="fn"}). In particular, the LUMO distributions at the addition sites (C1--C2 in Fig. S4 and S5[†](#fn1){ref-type="fn"}) are remarkably enhanced by Eu-encapsulation with the values increasing from 0.58% to 2.95% for *C*~2~(5)-C~82~ and from 0.15% to 4.97% for *C*~2~(13)-C~84~, which eventually governs the high regioselectivity observed in the reactions. Accordingly, the addition pattern in **2a** and **2b** and the high regioselectivity in the reactions are controlled by the endohedral metal doping by changing the electronic structures of the corresponding hollow cages.

Another remarkable feature of the reactions is the formation of merely mono-adducts, whilst the reactions of EMFs usually produced mixtures containing mono-, bis- and multi-adducts.[@cit2],[@cit19],[@cit27],[@cit28] According to the reaction mechanism stated above, the LUMO and POAV distributions of the **2a** and **2b** were calculated (Fig. S6[†](#fn1){ref-type="fn"}). It is clear that the sites featuring both large POAV values and pronounced LUMO distributions are all close to the existing tungsten addend. Accordingly, further additions are prevented by the steric hindrance of the bulky tungsten addend. Thus, this work presents a practical strategy for the controlled synthesis of EMF-derivatives in a highly regioselective manner.

Conclusions
===========

Reacting a tungsten complex W(CO)~4~(Ph~2~PC~2~H~4~PPh~2~) (**1**) with either Eu@*C*~2~(5)-C~82~ or Eu@*C*~2~(13)-C~84~ affords a sole mono-adduct for each metallofullerene (**2a** for Eu@*C*~2~(5)-C~82~ and **2b** for Eu@*C*~2~(13)-C~84~). The X-ray results of **2a**, **2b** and the two pristine EMFs cocrystallized with Ni(OEP) clearly show that the motional behavior of the Eu atom inside the cage is significantly restricted upon exohedral tungsten addition, as a result of electrostatic potential redistribution. Meanwhile, theoretical results demonstrate that the endohedral Eu-doping has changed the LUMO distributions on the cages *via* charge transfer, which eventually leads to the regioselective addition of the exohedral tungsten addend. It is now evident that it is possible for the endohedral and exohedral metallic units in the complexes of EMFs to interact with each other *via* intramolecular charge transfer, highlighting the potential for the synthesis of EMF-based molecular devices with novel magnetic or electronic properties.

Experimental
============

W(CO)~4~(Ph~2~PC~2~H~4~PPh~2~) (**1**) was synthesized according to the procedures described in the literature.[@cit29] Eu@*C*~2~(5)-C~82~ and Eu@*C*~2~(13)-C~84~ were produced with an arc-discharge method and were isolated with multi-stage HPLC (Fig. S7[†](#fn1){ref-type="fn"}).[@cit30] The reaction between **1** and Eu@*C*~2~(5)-C~82~/Eu@*C*~2~(13)-C~84~ was monitored with an HPLC system (LC-16, SHIMADZU LIMITED) equipped with an analytical Buckyprep column (∅ 4.6 × 250 mm). The separation was conducted on an HPLC machine (LC-908; Japan Analytical Industry Co. Ltd.) equipped with a preparative Buckyprep column (∅ 20 × 250 mm) with toluene as the eluent. The Vis-NIR experiments were carried out on a PE Lambda 750S UV-vis-NIR spectrophotometer and photoluminescence spectra were recorded on a Jasco FP-6500 machine.

Crystallographic characterization
---------------------------------

Single-crystal X-ray data were collected at 100 K using a radiation wavelength of 0.65250 Å with a MarCCD detector at beamline BL17B of the Shanghai Synchrotron Radiation Facility (China). A multi-scan method (SADABS) was used for absorption corrections. The structures were solved with direct methods and were refined with SHELXL-2016.[@cit31] Cocrystals of Eu@*C*~2~(5)-C~82~ or Eu@*C*~2~(13)-C~84~ were obtained by slow diffusion of a benzene solution of Ni^II^(OEP) (OEP = octaethylporphyrin) into a CS~2~ solution of the respective EMF in a glass tube at room temperature for four weeks. Crystals of **2a** or **2b** were obtained by slow diffusion of *n*-hexane into a CS~2~ solution of **2a** or **2b** in glass tubes at room temperature for two weeks, respectively.

Theoretical calculations
------------------------

Density functional theory calculations were carried out by using the M06-2X functional in conjunction with the SDD basis set and the corresponding effective core potential for W and Eu and the standard 6-31G\* basis set for all other atoms (denoted as 6-31G\*∼SDD) as implemented in the Gaussian 09 software package.[@cit32]--[@cit35] A spin multiplicity of *M* = 8 was employed according to the half-filled 4f shell of the Eu^2+^ ion.

Chemical functionalization of Eu@*C*~2~(5)-C~82~/Eu@*C*~2~(13)-C~84~
--------------------------------------------------------------------

In a typical reaction, a toluene solution containing *ca.* 2 mg (1.8 μmol) of Eu@*C*~2~(5)-C~82~ and 24 mg (34.6 μmol) of **1** was degassed with the freeze--pump--thaw method for three cycles. The mixture was then photo-irradiated with a mercury-arc lamp (cutoff \< 350 nm) at room temperature for six minutes. The reaction mixture was concentrated and subjected to HPLC separations to afford **2a**. The same procedures performed on Eu@*C*~2~(13)-C~84~ produced **2b**.
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